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Abstract

A detachable sulfonate-silica hybrid strong cation-exchange monolith was synthesized in a fused
silica capillary, and used for solid phase extraction with on-line pH gradient elution during
capillary zone electrophoresis-tandem mass spectrometry (CZE-MS/MS) proteomic analysis.
Tryptic digests were prepared in 50 mM formic acid and loaded onto the strong cation-exchange
monolith. Fractions were eluted using a series of buffers with lower concentration but higher pH
values than the 50 mM formic acid background electrolyte. This combination of elution and
background electrolytes results in both sample stacking and formation of a dynamic pH junction,
and allows use of relatively large elution buffer volumes while maintaining reasonable peak
efficiency and resolution. A series of five pH bumps were applied to elute E. coli tryptic peptides
from the monolith, followed by analysis using CZE coupled to an LTQ-Orbitrap Velos mass
spectrometer; 799 protein groups and 3,381 peptides were identified from 50 ng of the digest in a
2.5 hour analysis, which approaches the identification rate for this organism that was obtained
with an Orbitrap Fusion. We attribute the improved numbers of peptide and protein identifications
to the efficient fractionation by the on-line pH gradient elution, which decreased the complexity of
the sample in each elution step and improved the signal intensity of low abundance peptides. We
also performed a comparative analysis using a nanoACQUITY UltraPerformance LCH system.
Similar numbers of protein and peptide identifications were produced by the two methods. Protein
identifications showed significant overlap between the two methods, whereas peptide
identifications were complementary.

Introduction

Capillary zone electrophoresis-tandem mass spectrometry (CZE-MS/MS) has attracted
interest for proteome analysis because it provides fast and high-resolution separations.1—>
However, CZE tends to produce relatively poor concentration detection limits and relatively
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short separation windows, which have discouraged routine its use for bottom-up proteomic
analysis.

A number of sample preconcentration techniques have been coupled to CZE to improve
concentration detection limits. Many techniques employ electrokinetic methods, which have
been summarized in recent reviews.8-12 Busnel et al. coupled a porous sheathless interface
with transient-isotachophoresis (tITP) for CZE-electrospray ionization mass spectrometry.13
Concentration detection limits in the subnanomolar range were produced by using solutions
of 10% acetic acid as background electrolyte and ammonium acetate (pH 4 and various ionic
strengths) as leading electrolyte. More importantly, the separation window of E. cali tryptic
digest was increased to ~60 min and the peak capacity was improved to 327 by applying
vacuum to the injection end of the capillary during the separation. No peptides were
identified in that experiment.

Our lab recently reported the use of stacking conditions for the injection of large volumes of
samples while retaining high peak capacities.1* Stacking was achieved by preparing the
sample in a low ionic strength solution (0.04% formic acid containing 40% acetonitrile) and
using a higher ionic strength separation buffer (1 M acetic acid). Over 10,000 peptides and
2,100 proteins were identified from a single-shot analysis of 400 ng of a HeLa tryptic digest
in 110 min, which represents the state-of-the-art in bottom-up proteomics using CZE.

Chromatographic preconcentration, also known as micro solid-phase extraction (MSPE), is
an alternative to electrokinetic sample preconcentration. In MSPE, analytes are adsorbed
onto the solid-phase sorbents from a very large sample volume and eluted in a much smaller
volume of solvent, leading to improved concentration detection limits. Sample volumes can
be much larger than the capillary volume, providing dramatic levels of preconcentration.
MSPE can be combined with multistep elution and electrophoretic preconcentration
techniques to further increase the sensitivity and separation window of CZE. For example,
Lee et al. reported a staggered multistep elution SPE system for analysis of the tryptic digest
of a set of six standard proteins.2®> Multistep elution SPE prior to CZE not only extends the
separation capacity for analysis of peptide mixtures but also decreases the number of co-
eluting peptide, producing an increased sequence coverage compared to single-step elution
SPE-CZE/MS/MS. Wang et al. described a C8 SPE, multistep elution, tITP CZE-MS/MS
procedure for the proteomic analysis of a Pyrococcus furiosus tryptic digest.1® The C8 SPE-
tITP method identified more peptides with lower XCorr (<4) than with direct CZE analysis.

Chromatographic packing materials have been widely used as sorbents for the preparation of
SPE capillary columns.17-18 However, most studies employ a frit to retain the packing
material. Frit fabrication is time consuming, and the frit can cause bubble formation during
CZE separation. In addition, the length of the packed bed usually is less than 0.5 cm due to
the high backpressure of the packed column, which limits the loading capacity.1®

Monolith-based SPE capillary columns are an attractive alternative to particle based
devices.20-21 Monolithic SPE columns produce better permeability than pack columns,
which allows use of long columns without significant backpressure. Monoliths can be
covalently anchored to the wall, which eliminates frits.
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Monoliths generally fall into three classes: organic polymer-based,?? silica-based, and
organic-silica hybrid monoliths. Organic polymer-based monoliths have good pH stability,
and their surface chemistry is easy to tune due to the wide range of monomers that are
available. However, they tend to have low surface area, although nanoparticle templating
can improve surface area. 23 In contrast, silica-based monoliths demonstrate high
mechanical stability and larger surface area.24 Unfortunately, surface modification of silica-
based monalith can be time-consuming. Organic-silica hybrid monoliths have attracted
attention in recent few years. These hybrid devices combine the ease of preparation and pH
stability of the organic polymer-based monolith with the mechanical stability of silica-based
monoliths.25:26

We recently reported the preparation of a sulfonate-silica hybrid strong cation-exchange
(SCX) monolith at the inlet of the separation capillary.2” We loaded a sample in an acidic
buffer and eluted the sample with a basic buffer, while using an acidic separation buffer.
This combination resulted in formation of a dynamic pH junction, which produced a
dramatic improvement in peak profile and concentration detection limit. By loading 21 uL
of a1 x 1077 M angiotensin 11 solution, an enrichment factor of 3,000 compared to standard
electrokinetic injection was achieved while retaining efficient electrophoretic performance
(N = 44,000 plates). The system was also applied to proteomic analysis. By loading 5.5 UL
of a 1073 mg/mL E. coli digest, 109 proteins and 271 peptides were identified in a single-
shot analysis. This monolith was covalently bound to the capillary wall, which required the
use of an uncoated separation capillary. This uncoated capillary produced significant
electro-osmotic flow, speeding the separation, while reducing the separation window and
reducing the number of peptide identifications.

In this work, a SCX SPE device was prepared in an uncoated capillary and coupled through
a zero-dead volume connection to the coated separation capillary. We optimized the eluting
conditions for on-line pH gradient elution and evaluated the performance of the SCX SPE
CE-MS/MS platform for analysis of E. coli digests. We also compared the results with
capillary LC-MS/MS. This report appears to be the first to employ gradient pH elution from
a SPE with CZE-MS/MS for proteomic analysis and the first to use a detachable sample
preconcentrator. Our results approach the state-of-the-art in peptide and protein
identification rates from a prokaryote using CZE-MS/MS.

METHODS AND MATERIALS

Reagents and Chemicals

Bovine pancreas TPCK-treated trypsin, poly(ethylene glycol) (PEG, MW=10 000), urea,
tetramethoxysilane (TMOS), vinyltrimethoxysilane (VTMS), ammonium bicarbonate
(NH4HCO3), ammonium formate, ammonium acetate, dithiothreitol (DTT), iodoacetamide
(IAA), 3-sulfopropyl methacrylate potassium salt, 2,2’-azobis(2-isobutyronitrile) (AIBN),
and acetic acid (HAc) were purchased from Sigma-Aldrich (St. Louis, MO). Formic acid
(FA) was purchased from Fisher Scientific (Pittsburgh, PA). Methanol was purchased from
Honeywell Burdick & Jackson (Wicklow, Ireland). Uncoated and LPA-coated fused silica
capillaries (50 pm i.d.x150 pm o.d.) were purchased from Polymicro Technologies
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(Phoenix, AZ). Water was deionized by a Nano Pure system from Thermo Scientific
(Marietta, OH).

Preparation of the sulfonate-silica hybrid SCX monolithic column

Preparation of the sulfonate-silica hybrid SCX monolithic column employed a method
similar to our original report.2” The fused silica capillary (50 pm i.d.x150 um o.d.) was
pretreated by washing with 0.1 M NaOH for 2 h, flushing with water until the outflow
reached pH ~7.0, flushing with 0.1 M HCI for 24 h, and flushing again with water until the
outflow reached pH ~7.0. The capillary was finally dried with a nitrogen stream for 24 h at
room temperature. For the preparation of the sulfonate SCX hybrid monolithic column, a
prehydrolyzed mixture was prepared by mixing and stirring acetic acid (10 mM, 5.0 mL),
PEG (MW = 10,000, 540 mg), urea (450 mg), TMOS (1.8 mL), and VTMS (0.6 mL) for 1 h
at 0 °C to form a homogeneous solution. Then, 37 mg of 3-sulfopropyl methacrylate
potassium salt and 2 mg of AIBN were added into 0.5 mL of the hydrolyzed mixture with 10
min sonication. Next, the polymerization mixture was introduced into the pretreated
capillary (50 um i.d.x150 um o.d., 15 cm long) using a syringe until the solution length
reached 5 cm, as measured by eye. Both ends of the capillary were then sealed with pieces
of rubber, and the capillary was incubated at 37 °C for 12 h for polycondensation and at 60
°C for 12 h for polymerization. The resulting sulfonate SCX hybrid column was then
flushed with methanol and water to remove the porogen and other residual components.
Finally, the sulfonate SCX hybrid monolithic column was cut to a length of 1~2 cm use in
SCX SPE-CE-MS/MS analysis.

Preparation of E. coli sample

Solid lysogeny broth (LB) was used to make the agar plates for the E. coli culture. Solid LB
was prepared by dissolving 3 g of NaCl, 3 g of tryptone, 1.5 g of yeast extract, and 6 g of
agar in 300 mL of deionized water. Liquid LB medium (without agar) was also prepared for
E. coli culture by mixing 10 g of NaCl, 10 g of tryptone, and 5 g of yeast extract in 1 L of
deionized water. All media, plates, and other utensils and flasks were autoclaved before use.
Frozen cultures of E. coli (Dh5-Alpha) were thawed and plated on the prepared agar plates.
After incubation at 37 °C for 24 h, single colonies were isolated and grown in tubes with 4
mL of liquid LB medium and incubated in a shaker at 37 °C overnight. When the tubes’
contents turned opaque, the liquid medium was transferred into new flasks and shaken
overnight at 37 °C. The liquid LB medium with E. coli was centrifuged, and the resulting E.
coli pellets were washed with phosphate-buffered saline three times. Then, the E. coli pellets
were suspended in 8 M urea and 100 mM Tris-HCI (pH 8.0) buffer supplemented with
protease inhibitor and sonicated for 15 min on ice for cell lysis. The lysate was centrifuged
at 18 000 g for 15 min, and the supernatant was collected. The protein concentration was
measured by the BCA method. An aliquot of protein (900 pg) was precipitated by cold
acetone overnight at —20 °C. After centrifugation, the pellet was washed again with cold
acetone. The resulting protein pellet was dried at room temperature.

The dried E. coli proteins (120 pg) were dissolved in 100 pL of 100 mM NH4HCO3 (pH 8)
with 8 M urea and denatured at 37 °C for 1 h. After addition of 10 uL of 1 M DTT, the
mixture was incubated at 37 °C for 1 h to reduce disulfide bonds. Subsequently, 20 uL of 2
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M 1AA was added to the mixture, which was incubated in the dark at room temperature for
30 min. Then, 900 uL of 100 mM NH4HCO3 (pH 8) was added to reduce the concentration
of urea below 1 M. Finally, the treated proteins were digested by incubation with trypsin at a
trypsin/protein ratio of 1/25 (w/w) for 16 h at 37 °C. The digests were acidified with 10%
TFA (v/v) to terminate the reaction. The tryptic digests were desalted with C18 SepPak
columns (Waters, Milford, MA), followed by lyophilisation with a vacuum concentrator
(Thermo Fisher Scientific, Marietta, OH). The dried protein digests were dissolved in 50
mM FA.

Elution buffers

Elution buffers with pH 3 and 4 were prepared from ammonium formate, and the pH was
adjusted with formic acid. An elution buffer at pH 5 was prepared from ammonium acetate,
and the pH was adjusted with acetic acid. Elution buffers with pH 7 and 8.2 were prepared
from ammonium bicarbonate and the pH was adjusted with 10% ammonium hydroxide. The
buffers were then diluted by water to the desired concentration.

Direct CZE-ESI-MS/MS analysis

The CZE system consists of two high-voltage power supplies (Spellman CZE 1000R) and
an electrokinetically pumped electrospray interface.328 The interface was used to couple the
CZE separation capillary to a LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific). The electrospray emitter was made from borosilicate glass capillary (1.0 mm o.d.
x 0.75 mm i.d., 10 cm long) pulled with a Sutter instrument P-1000 flaming/brown
micropipette puller; the size of the emitter opening was 5-10 um. The electrospray sheath
flow buffer was 10% (v/v) methanol with 0.1%FA. A commercial LPA coated capillary (50
pm i.d.x150 um o.d., 60 cm long) was used for the CZE separation. The separation buffer
was 50 mM FA in water. A 20 nL injection volume was loaded by pressure. 19.5 kV was
applied at the injection end of the capillary for separation and 1.5 kV on the sheath flow
reservoir for electrospray. Voltage programming was controlled by LabView software.

The effect of the dead volume introduced by the connection

The SCX SPE monolithic column was connected to a LPA coated capillary by a home-made
zero-volume connecter. This connecter used a single piece of fused silica sleeve tubing
(Polymicro) with 180-um i.d., which was held in place by a PEEK union (Upchurch).

To study the effect of the connector on the separation performance, we compared the CZE
separation performance of a LPA coated capillary (50 um i.d.x150 pm o.d., 60 cm long)
before and after connection to an 8 cm length of uncoated fused capillary (50 um i.d.x150
um o.d.) at the inlet. The experiment was performed using an LTQ XL mass spectrometer
and with 0.1 mg/mL BSA tryptic digests dissolved in 50 mM ammonium bicarbonate (pH
8.2) as a standard sample.

SCX SPE-CZE-ESI-MS/MS analysis with on-line pH gradient elution

The schematic diagram of the SCX SPE-CE-ESI-MS/MS system is shown in Figure 1. The
sulfonate SCX hybrid monolith was connected to a LPA-coated capillary by a single piece
of tubing sleeve with 180 ym i.d. and a PEEK union. The SCX column was first conditioned
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by 50 mM FA for 10 min. After the sample was loaded onto the SCX SPE column by
pressure, the system was flushed with 50 mM FA to completely remove the unretained
components. The on-line pH gradient elution was performed by sequentially injecting the
elution buffers with different pH values by the pressure; each elution step is called a pH
bump. After each pH bump, the background electrolyte was changed back to 50 mM FA and
normal CE-ESI-MS/MS analysis was carried out under the same condition as direct CE-ESI-
MS/MS.

UPLC-ESI-MS/MS analysis

A nanoACQUITY UltraPerformance LCH (UPLCH) system (Waters, Milford, MA, USA)
with a UPLC BEH 130 C18 column (Waters, 100 pm x 100 mm, 1.7 um) was coupled to an
LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) for peptide separation
and identification. Buffer A (0.1%FA in water) and buffer B (0.1% FA in ACN) were used
as mobile phases for gradient separation. Peptides were automatically loaded onto a
commercial C18 reversed phase column (Waters, 100 um x100 mm, 1.7 um particle,
BEH130C18, column temperature 40°C) and flushed with 2% buffer B for 10 min at a flow
rate of 1 uL/min, then followed by gradient: 10-11 min, 2-8% B; 11-71 min, 8-30% B; 71—
72 min,30-80% B; 72—77 min, 80% B; 77-78 min, 80-2% B; 78-90 min, 2% B. The eluted
peptides from the C18 column were pumped through a capillary tip for electrospray with the
electrospray voltage of 1.5 kV, and the MS parameters were the same as that used for CE-
ESI-MS/MS analysis.

Mass Spectrometer Operating Parameters

For experiments using an LTQ-XL mass spectrometer (Thermo Fisher Scientific), data
dependent acquisition was applied. Full MS scans were acquired over the 380-1800 m/z
range. The 10 most intense peaks were selected for fragmentation in the ion trap with
normalized collision energy of 35%, activation g = 0.25, activation time of 30 ms, and one
microscan. Peaks selected for fragmentation more than once within 45 s were excluded from
selection for 60 s.

For experiments using an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific), Collision-Induced Dissociation (CID) mode was applied. The electrospray
voltage was 1.5 kV, and the ion transfer tube temperature was held at 280 °C. The S-Lens
RF level was 50.00. The mass spectrometer was programmed in data-dependent mode. Full
MS scans were acquired in the Orbitrap mass analyzer over the m/z 380-1800 range with
resolution of 30,000 (m/z 400) and the number of microscans set to 1. The target value was
1.00E+06, and maximum injection time was 500 ms. For MS/MS scans, the 20 most intense
peaks with charge state = 2 were sequentially isolated and further fragmented in the CID cell
following one full MS scan. The normalized collision energy was 35%.

Database Searching

Database searching of the raw files was performed in Proteome Discoverer 1.4 with
MASCOQOT 2.2.4. For standard proteins from bovine, ipi.bovin.v3.68.fasta database was used.
For the E. coli cell lysate, a NCBI database of E. coli DH1 (4,160 sequences) was used.
Database searching for the reversed database was also performed to evaluate the false
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discovery rate. The database searching parameters included full tryptic digestion and
allowed up to two missed cleavages, precursor mass tolerance 10 ppm, and fragment mass
tolerance 0.5 Da. Carbamidomethylation (C) was set as fixed modifications. Oxidation (M)
and deamidated (NQ) were set as variable modifications. On the peptide level, peptide
confidence value as high was used to filter the peptide identification, and the corresponding
false discovery rate on peptide level was less than 1%. On the protein level, protein grouping
was enabled.

RESULTS AND DISCUSSION

The effect of the dead volume introduced by the connection

We employed a simple zero-dead-volume connector to couple the monolith, which was
prepared in an uncoated capillary, to a coated separation capillary, which provides long
separation windows. To evaluate any degradation in separation performance due to the
connector, we compared the separation of a BSA tryptic digest on a 60-cm long LPA coated
capillary with and without coupling to an 8-cm segment of uncoated capillary.
Electropherograms are shown in S-Figure 1 in Supporting information. A set of a dozen
selected ion electropherograms were generated from both electropherograms, and a
nonlinear least squares algorithm was used to fit a Gaussian function to the peaks. The
migration times were highly correlated (r = 0.9997); the addition of the union added an
average of 1.75 minutes to the migration time, due to the additional capillary length
provided by the uncoated segment. Peak heights were highly correlated (r = 0.80). Median
peak efficiencies were also very similar (120,000 without the union, 140,000 with the
union). The increase in plate count that accompanied the use of the union is likely due to the
increased capillary volume, which reduced the effect of injection volume on the separation
efficiency.??

Protein coverage was essentially the same for the two systems (62% coverage for the
coupled capillaries vs. 59% for the LPA capillary alone), as was the number of peptide
identifications (51 peptide IDs for the coupled capillaries vs. 53 for the LPA capillary
alone). These results demonstrate that the union preserves the separation performance of the
LPA coated capillary.

On-line pH gradient elution analysis

Before each experiment, a 50 ng aliquot of an E. coli digest was loaded onto the SCX SPE
column. The column was then flushed with 50 mM FA, followed by pH bumps using buffers
atpH 3, 4,5, 7 and 8.2. After each injection of the elution buffer, the separation electrolyte
was changed back to 50 mM FA for CZE-ESI-MS/MS analysis.

We investigated a number of elution conditions. We first employed 90 nL aliquots of 10

mM elution buffers. After elution using five pH bumps, 528 protein groups and 1,567
peptides were identified. However, these experiments revealed that a large amount of
sample was retained on the SCX SPE column. Therefore, we continued eluting using
ammonium bicarbonate (pH 8.2) with concentrations of 40, 80, 120, 150, and 200 mM.
Ultimately, 752 protein groups and 3,323 peptides were identified. However, only 2 peptides
were identified in the 90 nL of 10 mM ammonium formate (pH 3) step. In contrast, many
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protein groups and peptides were identified in the 40 mM or higher concentration of
ammonium bicarbonate (pH 8.2) elution steps.

To further investigate the eluting performance, the base peaks of seven randomly selected
peptides were extracted from the electropherograms, S-Figure 2 in the Supporting
information. Very low signal-to-noise ratios were observed for most of the peptides, which
presumably were not eluted from the SCX SPE column by 90 nL of 10 mM elution buffer.
In this case, the peptides were detected over many elution steps due to inefficient
fractionation, and the overlaps between the adjacent gradient elution steps were very large,
as shown in Supporting Figures 5(A).

To increase the eluting power, the eluting volume was increased to 150 nL. As shown in S-
Figures 5(B) in the Supporting Information, the overlaps of peptide identifications between
successive eluting steps decreased significantly when the eluting volume was increased to
150 nL. After five steps of pH bumps elution, 634 protein groups and 2,342 peptides were
identified. We continued eluting using ammonium bicarbonate (pH 8.2) with concentrations
of 40, 80, 120, 150, and 200 mM. Finally, 767 protein groups and 3,176 peptides were
identified. Obviously, many more protein groups and peptides were identified at the first
five pH gradient elution steps compared to the result obtained with 90 nL elution buffer.
However, only 15 additional protein groups were identified in total and the eluted sample
was greatly diluted by the large volume of elution buffer, which overwhelmed the effect of
the pH junction.

We next increased the elution buffer concentration to 30 mM while using 90 nL of elution
buffer in each elution step, S-Figure 6. After elution using five pH bumps, 799 protein
groups and 3,381 peptides were identified in a 2.5 hour analysis. We performed additional
elution using ammonium bicarbonate buffer (pH 8.2) with concentrations of 40, 80, 120,
150, and 200 mM, 877 protein groups and 3,949 peptides were identified in total. These
ammonium bicarbonate elution steps remove residual peptides from the SCX monolith,
minimizing carryover before reuse of the system.

Obviously, most of the protein groups (>91%) and peptides (>85%) could be identified
during the pH bumps elution steps when the elution buffer concentration was increased to 30
mM. The number of identified protein groups approaches the results we reported using
single shot CZE coupled with an Orbitrap Fusion mass spectrometer (956 protein groups and
4741 peptides),1* but our current results were obtained with a much less expensive Orbitrap
Velos mass spectrometer. In addition, the results obtained in this paper were obtained from
~50 ng of protein digest, compared with ~250 ng used in reference 14. Further improvement
of the identification performance of the SCX SPE-CZE-MS/MS platform is expected with
an improved mass spectrometer.

The base peaks of seven randomly selected peptides were extracted from the
electropherograms in different eluting steps using the 30 mM, 90 nL elution conditions, S-
Figure 3. Most peptides were completely eluted from the SCX SPE column in a single
elution step under these conditions, and overlaps between the adjacent eluting steps were
very small, S-Figure 5(C). In this case, the complexity of the sample was greatly decreased
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in each pH gradient elution step. The detection of the low abundance peptides, which is
usually difficult in the unfractionated digests due to the suppression caused by high
abundance peptides, was greatly improved compared to single-shot analysis of an
unfractionated sample.

Fewer identifications were made with a higher concentration elution buffer (50 mM); only
649 protein groups and 2,507 peptides were identified during the five pH bumps, S-Figures
5(D). Additional elution steps using ammonium bicarbonate (pH 8.2) at concentrations of
80, 120, 150, and 200 mM, resulted in the identification of 693 protein groups and 2,695
peptides in total. While the overlaps in identifications between adjacent steps were also very
small, which suggested the efficient fractionation, we found that the peak intensity of the
peptides were usually lower than with 30 mM elution buffer, especially for with low pH
elution buffers, S-Figure 4. The decreased intensity may be due to the lack of sample
stacking when a 50 mM elution buffer was used, which resulted in peak broadening.
Therefore, five pH bumps with 30 mM elution buffers were used in the subsequent
experiments.

Loading ability and reproducibility

Different amounts of E. coli digest in the range of 10 ng to 50 ng were loaded onto the SCX
SPE column and analyzed by on-line pH gradient elution. As shown in Figure 2, the number
of identified protein groups increased from 131 to 799 proteins and the number of identified
peptides increased from 297 to 3,381 with increasing loading amounts.

The run-to-run reproducibility of the proposed method was evaluated by duplicated analysis
of 50 ng of E. cali digest with five pH bumps. 924 protein groups and 4,231 peptides were
identified by duplicated runs. Among them, 514 protein groups and 1,361 peptides were
identified by both runs. The overlaps of identified peptides and protein groups are shown in
S-Figure 7 in the Supporting information.

Comparison with UPLC-MS/MS

We also analyzed the same E. coli digest using UPLC-MS/MS. The E. coli digests were
loaded onto a reverse phase C18 analytical column followed by a 90 min gradient LC—
MS/MS analysis, S-Figure 8 in the Supporting Information. The overlaps of peptides and
protein groups identified by UPLC and SCX SPE-CE methods are shown in Figure 3. 957
protein groups and 4,995 unique peptides were identified with 50 ng E. coli digests by
UPLC-MS/MS. 71% of the protein groups and 58% of the peptides identified in the UPLC
runs were also identified by the SCX SPE-CE system. However, 14% of the protein groups
and 14% of peptides that were identified by the SCX SPE-CE system were not identified by
UPLC-MS/MS.

The pl distribution of the identified peptides from both methods was also investigated and
the results are shown in Figure 4. In general, UPLC identified more acidic peptides. We
assume that the most acidic peptides were poorly retained on the SCX resin during the initial
loading step, and that the use of a lower pH loading buffer will improve their retention. In
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contrast, CZE generated slightly more identifications of basic peptides, which were very
well behaved on the SCX monolith.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic diagram of the SCX-SPE CZE-ESI-MS/MS system. Provisions are made to use
N> gas pressure to pump analyte and reagents through the monolith during its synthesis. The
separation is driven by the difference between the separation voltage and the spray voltage.
The sheath liquid is electrokinetically driven by the electrospray voltage.
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Number of peptides

Analysis of the E. coli proteome digest using on-line pH gradient elution from a SCX SPE-
CZE system. Experimental conditions: 50 pm i.d.x150 pm 0.d.x1.5 cm sulfonate SCX SPE
column; 50 pm i.d.x150 pm 0.d.x60 cm long LPA coated capillary as separation capillary;
50 ng E. cali digests loading amount; 90 nL of 30 mM elution buffers at each elution step;
50 mM FA separation buffer; 19.5 kV separation voltage; and 1.5 kV spray voltage.
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Figure 3.
Peptides (A) and protein group (B) overlaps between the SCX SPE-CE and UPLC analysis

of E. coli tryptic digests.
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Figure 4.
pl distributions of the identified peptides by SCX SPE-CE and UPLC analysis of the trypic

digest of the E. coli proteome.

Anal Chem. Author manuscript; available in PMC 2016 April 21.



